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Introduction
The performance benefits of formation flight were known before man could even fly. Many bird species fly in "V" formation to take advantage of the upwash field generated by adjacent birds, resulting in less energy expended. 1Analytical studies and qualitative flight tests have shown this benefit is significant and can be reproduced for a formation of aircraft. 
P = DxV
Percent power reduction 
Instrumentation
The trailing airplane has been specially instrumented to obtain aircraft performance data and detailed relative-position information while in formation. To precisely map the vortex, the pilot was provided with an indicator on the HUD that showed the error between the current relative position and the commanded relative position. The current relative position was calculated using global positioning system (GPS) measurements on both aircraft. The leading airplane transmitted its GPS position, velocity, course over the ground, and GPS time to the trailing airplane using a commercially available wireless modem. The instrumentation system on the trailing airplane time-correlated and differenced this data with its local GPS position measurements to obtain a 2-Hz relative-position estimate. 8 This estimate was extrapolated using the relative velocity to obtain a 10-Hz output. The 10-Hz relative position then was differenced with one of 64 preprogrammed commanded positions that were selectable from a cockpit switch.
The resulting error signal was represented by two needle displays on the HUD. The vertical needle provided lateral position error; the horizontal needle provided vertical error. By maneuvering the airplane to center the two needles, the pilot was able to maintain a constant relative position. Earlier flight test experience with this technique 9 showed that an accuracy of 4 ft (2 standard deviations) is achievable when both GPS systems are using a common satellite set and are time-synchronized.
During the limited time that the two GPS units did not have a common satellite set, the needles were programmed to disappear from the pilot display and the flight testing was delayed until common satellites were reestablished. The accuracy of the real-time, relative-position system was validated using postflight differential, carrier-phase GPS measurements. The error was found to be 2.5 ft (2 standard deviations).
The engine manufacturer's aerothermodynamic in-flight thrust (IFT) computer model was used to determine thrust values for this study. 1°The model uses two correlation techniques for determining ideal gross thrust: area pressure, and mass flow temperature. The mass flow temperature technique was chosen as the primary method for use in AFF performance calculation because of its proven accuracy (on the order of 2 percent for net thrust). 11 Table 1 shows a summary of the input requirements for the IFT model for both thrust methods. A 20-probe total pressure rake was used to determine the average turbine exit pressure. A volumetric fuel flow meter was installed to provide improved primary values for fuel flow rate, WFT. A laser-mounted inertial navigation system (INS) was used to obtain vehicle accelerations, attitudes, and rates.
The aircraft airdata system was used to obtain Mach number and altitude values. Comparisons with the leading airplane show no significant effect of the vortex on the airdata measurements of velocity, Mach number, and altitude.
The position measurement system used in this report is provided in units as a ratio of the F/A-18 wingspan (37.5 ft). The longitudinal separation, X, is defined such that X = 0 when both aircraft are aligned nose-to-nose. Because the F/A-18 aircraft is 56-ft long, X = 1.5 when the trailing airplane has zero separation distance between its nose and the tail of the leading airplane. The lateral separation, E is defined such that Y = 0 when the wingtips are aligned, and increasing overlap is represented by negative values of E Vertical separation, Z, is defined such that Z = 0 when the wingtips are aligned, and trailing airplane positions below the leading airplane are negative values of Z. After approximately 20-sec more, a control room call to "slide out" was made, for which the pilot laterally maneuvered out of the formation and immediately engaged the altitude-hold autopilot. This final condition was held for a minimum of 20 sec. Because the ATC was still engaged, it automatically increased the throttle to maintain speed at the higher drag condition outside the vortex. This maneuver provided both data at the desired formation position and a '°baseline" (nonformation) condition in one continuous
("back-to-back") data set for direct comparison.
Examples of the maneuver technique are presented in the results section of this report.
More than 400 data points were conducted during this phase of the AFF project. A matrix of test points consisting of a maximum of seven lateral and seven vertical positions was flown at four longitudinal trailing positions: X = 2.0, 3.0, 4.4, and 6.6 (aft, nose-to-nose).
Formation Flight Performance
Three maneuver techniques were evaluated for their suitability in obtaining the best quality of drag and fuel flow reduction data. The first technique evaluated consisted of flying several formation positions followed by an occasional dedicated baseline (nonvortex) position. The correction for changing fuel weight was found to be greater than desired. The second technique was to fly at a given position in the vortex and acquire data. The throttle then was set to a fixed position, and the leading airplane quickly moved out of formation position. The change in velocity caused by the change in drag then was measured. Large velocity changes were measured using this technique as the trailing airplane responded to its change in drag, but failed to provide a direct comparison of drag in and out of the vortex at the same velocity. Figure 5 shows a summary of the performance data reduction process.
Performance data were determined using classical techniques. A summation of forces along the flightpath was used to determine drag, and a force balance perpendicular to that was used to determine lift: 
An important element in the data analysis process was determining the proper time period to use. The calculated drag plot was evaluated first to assure adequate data quality. Position data then were evaluated to assure the conditions closest to the desired position were used. The fuel flow data were reviewed last, and the time period was adjusted to account for localized variations in these data. The pilot (or ATC system, when A real-time drag reduction model was implemented in the control room using the manufacturer's IFT model to calculate thrust. Although not as sophisticated as the postflight analysis model, the real-time drag model did provide sufficient information regarding the quality of performance data while the data were being obtained, thus enhancing the efficiency of the data gathering. 14 Because of this capability, poor quality test points could be immediately repeated and other test points dropped when the previous point resulted in little or no performance benefit.
To maximize the number of points obtained, some test points where performance benefits were predicted to be small did not include a baseline or slide-out maneuver.
For these cases, performance trend data based on gross weight from other slide-out points were used to estimate the baseline drag.
The Most of the AFF data were gathered at this test condition, and reference 15 provides a comprehensive review of the drag and fuel flow results for all test conditions for this phase of the AFF project.
Data quality varied during this phase of the testing primarily because of the difficulty pilots incurred trying to hold the specified relative position required to map the performance benefits, and because of atmospheric or turbulence effects. Several positions were highly unstable, particularly those with large overlap in wing position. In some cases, the leading airplane wingtip vortex impinged directly on the trailing airplane tail.
Where possible, testing was repeated to try to improve data quality. Basic Performance 
Data Ouality
The overall quality of each maneuver and the total data varied because of atmospheric conditions, unstable vortex effects at some positions, and pilot technique or experience. Turbulent flight conditions made it difficult to obtain stabilized data at the prescribed conditions.
Fortunately, most flight data were gathered on days when calm weather existed at altitude. Certain positions in the vortex were very difficult to fly because the vortex impinged directly on the vertical tall or fuselage and the nose wanted to wander back and forth. Some conditions completely discharged the airplane out of position.
Because getting quality data at each condition was desired, most unstable points were repeated (sometimes 
Fuel Reduction
To provide a one-to-one correspondence with the drag reduction data, fuel reduction values were also calculated for the same exact time periods used for the drag contour. In addition, the leading airplane was also evaluated for these periods to determine if a pattern of fuel flow changes could be detected corresponding to the trailing airplane position. Although no correspondence was determined, the leading airplane did sometimes show fuel flow shifts corresponding to changes in atmospheric conditions such as wind shear. Table 2 shows the percent of fuel flow change for both the leading and trailing aircraft for a sample of data. Figure 11 shows the resulting contour plot using the corrected fuel flow values for the same matrix of data used to calculate the drag contour plot from flight conditions of Mach 0.56, an altitude of 25,000 ft, and X = 3.00 aft.
The fuel flow reduction data trends are very similar in shape to the drag reduction data, averaging 2-3-percent less in overall magnitude. These results give confidence to the overall drag reduction values.
The overall shape and magnitudes of the flight and simple prediction model are very similar. The maximum flight-measured drag location is at a slightly lower vertical location, which is caused by the generic model assuming a planar wake. The size of the "sweet spot" region (more than 25-percent CDi reduction) was calculated to be significantly larger in flight than in the simple analytical model. This result is important, indicating that an AFF controller might not need to be as precise as predicted to achieve large benefits. Figure 12 shows the resultant force and corresponding angle (relative to the horizon) for the maneuver shown in figure 7 . Although the resultant force value varies more while the airplane is in formation because of aircraft dynamics, no significant change in overall magnitude is seen compared to nonformation flight.
Validation of Basic Theoretical Predictions
This result confirms the theoretical assumptions previously discussed that drag reduction is the result of
The flight results also show higher drag increases at large wingtip overlap than predicted by the generic theory, but this region is also the one where data quality is worse because the points are more difficult at which to fly. Higher trim drag effects can also contribute to the large drag increases. The line of zero benefit is also located at a lower overlap position than in the simple theory. These results indicate substantially higher sensitivity to lateral positioning inboard of the sweet spot than predicted. Small changes in lateral positioning in this region can result in large changes in benefits. The overall vertical sensitivity is less than predicted; and the overall shape of the region of most benefit is more round than oval, as predicted for a generic wing. California).
This problem was caused by an error discovered in the position measurement calculation that was later corrected on all postflight flight data. The pilot continued the mission by flying using the experience gained during the flight test program. Even with these problems, a 640-1bm(14-percent) fuel savings was realized compared with the chase airplane, and more than 700 lbm of savings over the duration of the formation compared with the leading airplane were calculated. Independent checks of the fuel required to fill up each aircraft verified these readings to within 50 lb.
These results were converted to range improvement estimates that assumed continuation in formation at the 
